ABSTRACT This study evaluated noninvasively determined muscle pH (pHm) and muscle oxygen saturation (SmO 2 ) in a swine shock model that used uncontrolled hemorrhage and restricted volume resuscitation. Anesthetized 40-kg female swine underwent hemorrhage until 24 mL/kg of blood was removed (n 26), followed by transection of the spleen, causing uncontrolled hemorrhage throughout the remainder of the protocol. After 15 min, 15 mL/kg of resuscitation fluid (Hextend, fresh-frozen plasma or platelets) was given for 30 min. Arterial and venous blood gases were measured at baseline, shock, end of resuscitation, and end of the study (death or 5 h), along with lactate and base excess. In addition, seven animals underwent a sham procedure. Spectra were collected continuously from the posterior thigh using a prototype CareGuide 1100 Oximeter, and pHm and SmO 2 were calculated from the spectra. A two-factor analysis of variance with repeated measures followed by Tukey post hoc comparisons was used to compare experimental factors. It was shown that, for both pH and SO 2 , venous and muscle values were similar to each other at the end of the resuscitation period and at the end of the study for both surviving and nonsurviving animals. pH and SO 2 , venous and muscle, significantly declined as a result of bleeding, but lactate and base excess did not show significant changes during this period. Noninvasive pHm and SmO 2 tracked the adequacy of resuscitation in real time, indicating at the time all of the fluid was delivered, which animals would live and which would die. The results of this swine study indicate that further evaluation on trauma patients is warranted.
INTRODUCTION
Despite a number of advances in recent years, hemorrhage is still responsible for high mortality in both civilian and military settings (1) and is the leading cause of preventable death from traumatic injuries (2) . Hemorrhage from the periphery is well addressed by improved use of tourniquets (3), so strategies for reducing mortality have shifted to addressing uncontrolled bleeding of the torso. The military has adapted resuscitation strategies with the goal of stabilizing the patient as quickly as possible and providing only interventions necessary to control hemorrhage and Bestablish a survivable physiological status [ (4) . This care is generally provided near the point of injury and during transport to the hospital, where more definitive and complex surgeries can be carried out (2, 5) .
Often, in the early care of these patients, blood pressure is kept low for fear that high pressure may Bpop a clot[ that is helping to control the bleeding. However, one of the risks of low blood pressure is that there may not be sufficient perfusion of end organs (4) . In a hospital setting, end-organ perfusion would be assessed with repeated blood sampling to measure lactate or base excess (BE), determinants of acidosis. However, this is not possible in the prehospital environment, where blood sampling is challenging and laboratory analysis equipment is unavailable. Instead, an easy-to-use continuous noninvasive monitor would be a more appropriate method for assessing acidosis and whether treatment was adequate to perfuse all organs. Noninvasive patient monitors can be easily and quickly placed by first responders who generally are not trained to collect blood samples. Values are obtained immediately and continuously, freeing the responder to take care of the patient. Noninvasive patient monitors are commercially available to assess tissue oxygen saturation (StO 2 ) as a marker of end-organ perfusion. Swine and human studies have demonstrated that noninvasive continuous StO 2 monitoring can track the adequacy of oxygen delivery during hemorrhagic shock (6, 7), the need for massive transfusions (8), and the adequacy of resuscitation (9, 10).
Recently, a new monitor has become commercially available that noninvasively measures muscle pH (pHm), a measure of acidosis, in combination with muscle oxygen saturation (SmO 2 ) (11). This swine study is the first to evaluate the noninvasive pHm sensor in the setting of uncontrolled hemorrhage with restricted volume resuscitation. Noninvasive pHm and SmO 2 were compared with venous and arterial pH, SO 2 , lactate, and BE. We further investigated whether pHm and SmO 2 were indicative of animal survival during the period when resuscitation fluid was administered; this assessment is the first step in Interstitial muscle pH and PCO 2 were measured directly by Clavijo-Alvarez et al. (16) in a swine model of decompensated shock and resuscitation using invasive sensors implanted into the skeletal muscle. In their study, pHm decreased, on average, to a lower value than our noninvasive pHm measurement probably because of the prolonged shock time (9100 min) before resuscitation in their fixed pressure model of shock compared with our approximately 30-min shock period before resuscitation. Figure 4 shows how the trends in lactate and BE compare with arterial, venous, and muscle pH. The lactate and BE showed small nonsignificant rises at the 15-min time when there had already been considerable blood loss and shock that resulted in significant changes in pHv and pHm. With longer periods of hemorrhage, lactate and BE change significantly (14, 16, 17). In our model simulating rapid response to hemorrhage, lactate and BE do not provide real-time information about ongoing blood loss. It has been suggested that BE and, to some extent, lactate are good predictors of mortality from trauma because they represent the accumulated oxygen debt resulting from the mismatch between oxygen delivery and demand (18). It is possible that not only does acidosis need to be prolonged but that there needs to be delivery of resuscitation fluid to wash accumulated metabolites into the blood to be detected via blood sampling for BE and lactate.
The SmO 2 and pHm provided similar information as their venous counterparts at the end of resuscitation. The rapidity of the SmO 2 and pHm responses to worsening shock and in response to resuscitation can be seen in Figure 5 . When blood loss stabilized to less than 50% estimated blood volume in survivors, the SmO 2 and pHm stabilized. However, as occult bleeding continued in nonsurvivors to values greater than 50% of the estimated blood volume (i.e., 935 mL/kg), the trend for the SmO 2 and pHm reflected the poor status of the animal as quickly as the more invasive parameters of SBP and CO. The SmO 2 provided an early and ongoing indication of the reduction in oxygen delivery, similar to that observed in other studies measuring StO 2 (6, 7) . Through the simultaneous measurement of pHm, we could also determine when available oxygen was insufficient. For survivors, although SmO 2 was still low, pHm returned to baseline, indicating that oxygen that was delivered was adequate to meet metabolic demand. While BE and lactate may represent the accumulated oxygen debt, pHm may indicate ongoing mismatch and may help prevent the delivery of too much resuscitation fluid.
A limitation of this study is that it was performed in anesthetized animals, a requirement for being able to perform an uncontrolled parenchymal hemorrhage mimicking noncompressible bleeding, as is common in today's combat injuries. We expected the baseline SmO 2 to be more similar to the SvO 2 , as Ward et al. (19) found in conscious humans undergoing lower body negative pressure; here, we observed a range of baseline SmO 2 (18% Y 64%). We suspect that the low levels observed on a few animals may be an artifact of the surgical preparation. However, the responses of the SmO 2 in these animals showed parallel trends for the most part either increasing values for survivors or decreasing values for nonsurvivors after resuscitation. In the current study, the most consistent response was the trend. For the nonsurvivors, most showed a downward trend (seven of 13) or no change (five of 13), with only one animal having a very small increase. In contrast, 10 of 13 of the surviving animals showed an upward trend, two showed no change, whereas only one showed a small decrease.
It is noted that when the statistical analysis included the sham group and time points were limited to the four times where blood values were measured, SmO 2 and pHm were not significant between survivors and nonsurvivors at the end of resuscitation (Figs. 3 and 4) . However, when data were analyzed every 5 min during shock and resuscitation and survivors and nonsurvivors were compared directly, both SmO 2 and pHm indicated significantly lower values for nonsurvivors (Fig. 5) . It is suggested that the analysis including the shams at only four time points may have been underpowered, and that data in Figure 5 are more representative of actual clinical use where the value of monitoring is real-time assessment of the patient.
Muscle pH and SmO 2 can be noninvasively and continuously measured in a prehospital setting because the sensor is rapidly placed on the patient's skin and provides information in less than 30 s. Muscle pH and SmO 2 tracked hemodynamic parameters that are currently measured continuously within the hospital (MAP, CO) to assess the onset of shock but are not available during air or ground transport. Muscle pH provided a sensitive, noninvasive, real-time indication of tissue acidosis that was responsive to the adequacy of resuscitation to meet metabolic demand (end-organ perfusion).
This swine study characterized the response of a novel noninvasive sensor that simultaneously and continuously determined pHm and SmO 2 . The pHm measurement continuously assesses trends in acidosis and has the potential to provide continuous real-time feedback on the adequacy of resuscitation to assure sufficient end-organ perfusion. These results suggest that further study on trauma patients is warranted particularly for use in the prehospital setting.
